A procedure is introduced to obtain the balance of measurements of differential group delays and differential carrier phase lead characteristics, both phenomena being due to the ionospheric total electron content (TEC) along the ray path from a Global Positioning System (GPS) satellite. It has been demonstrated that utilizing the measurement of both pseudorange and carrier phase recorded by genetic GPS receivers, the precision of the vertical TEC derived when the anti-spoofing (AS) is on can be as good as that derived when it is off. Combining the data of a network of four GPS receivers, a TEC map is reconstructed which can be employed to examine the ionospheric latitude/longitude structure and dynamics in the Taiwan area.
INTRODUCTION
The Global Positioning System (GPS) consists of 24 satellites, evenly distributed in 6 orbital planes around the globe at an altitude of about 20200 km. The observables depend on the satellite-receiver distance, tropospheric/ionospheric effects, satellite and receiver clock offsets, phase ambiguities as well as satellite and receiver instrumental biases. There will be a bias for each of the two GPS frequencies (/ 1 =1575.42 MHz and f2=1227.60 MHz) and their difference, henceforth referred to as differential instrumental bias, produces systematic instrumental errors in the estimates of ionospheric delays. If accurate estimates of the iono spheric total electron content (TEC) are to be obtained, these differential instrumental biases must be removed (Sardon et al., 1994 ) . 11AO, Vol. 7, 1\lo.l, lv larch 1996 of both the instrumental biases as well as the TEC. Now, due to the recent developments in signal processing techniques, the TEC can be directly derived by a GPS ionospheric receiving system which is called the TECMETER. In view of these. developments, the study presented in this paper determines the differential instrumental biases of general purpose GPS receivers in the Taiwan area by data obtained from a TECMETER at Lunping (25 .00°N, 12 1. 16°E). The calibrated measurements with/without anti-spoofing systems being active are further compared with the ionospheric parameter of f oF2 recorded at the Chung-Li Ionospheric Station (24 .95°N, 12 1.23°E) for various seasons of 1994. Then, combining all the data recorded by the GPS network, the true overhead TEC is derived, the diurnal variation of the equatorial anomaly is examined, and finally the latitude/longitude TEC map of the Taiwan area is constructed.
METHODOLOGY
The propagation of GPS signals is affected by both the environment and instruments� .
. Therefore, GPS pseudorange P k j and carrier phase Lk j for frequencies I and 2, in range units, can be expressed as follows: . .
(l a)
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The subscripts i and j represent the satellite and ground-based GPS receivers, respectively, s 0 , the true distance between the receiver and satellite; d 1: 0n , d tr· op , the ionospheric and tropospheric effects;
c, the speed of light in free space; T, the satellite or receiver clock offset; d q, the instrumental bias of the satellite or receiver; d res, other bias; A , the carrier wavelength;
TE� in electron/m 2 , between ground receiver Rx and the satellite Tx can be written as:
where s' is the virtual distance between the receiver and satellite, N is the electron concen tration in electron/m 3 , and f represents radiowave frequency in Hz. The l-axis stands for the satellite-to-receiver direction. Combining (1) and (2) yields:
(5) Wilson et al. (1992) and Sardon et al. (1994) found k1 to be about 2-3 nanoseconds which is as small as 8 x 10 16 electron/m 2 . Nevertheless, two tables given by Wilson et al .
• (1992) and Sardon et al. (1994) were employed to redeem the bias of k2• To dete1·mine kj , Tsai (1995) applied (3) to the measurements from a genetic GPS receiver to obtain the TEC* and then compared it with the simultaneous data recorded by the local TECMETER during 0400-0500LT (Ezquer et al., 1992) . In doing so, he found that the value of k j of each GPS receiver is nearly a c. onstant. Although (3) can solely and directly derive the TEC, due to the length of the pseudo code, the precision of the TEC* is relatively .low. The alternative way is to combine (3) and (4) to obtain the least-square-fit value of .4j, and then to utilize (4) to attain greater precision of the TEC*.
As a satellite passes from the horizon to zenith, the TEC* can be obtained. However, scientists have found that it is useful to mathematically adjust the TEC* to the TEC observed at the subionospheric point which is referred to as the vertical total electron content, VT EC: VTEC TEC* S(e). In (6), S(e) is the slant function given by Sover and Fanselow (1987) :
where e is the satellite elevation, h,1 and h.2 are the lower and upper heights of the ionosphere, respectively and R is the mean radius of the Ea�h. It should be noted that the function S basically depends on the height of the mean layer of the ionosphere, h rri (hi + hz )/2. Davies [1990] indicated that hm could lie between 300 and 450 km, while Holfmann
We llenhof et al. [1992] considered it should be limited between 300 and 400 km. For simplicity, Sardon et al. (1994) assumed the h1n to be 355 km. Based on the results in Wu (1992) , the present authors find the /2m in the Taiwan area during 1993 and 1994 to be about 325 km. Assuming there to be a network of 4 ground receivers and a full GPS constellation, 20-32 VTECs can be derived simultaneously (5-8 each ground site). Accordingly, such a network can ultimately be capable of making a ''snapshot'' of the longitudinal/latitudinal TEC distribution in the Taiwan area, thereby constructing the TEC map.
EXPERIMENTS AND RESULTS
Measurements from a network of four genetic GPS receivers, which are located at Fonglin (23.60°N, 121.45° E. ), Yang-Ming-Shan (25.02°N, 121.57°E), Kinmen (24.32°N, 118. 39°E), and Kending (2 1.82.0N, 120 .78°E), have been used to monitor the TEC in the Taiwan area (see Figure 1 ) . A decrease in an elevation angle generally increases occurrences of the cycle slip and other unwanted noises. Therefore, to avoid such a complexity, the cut-off elevation angle in this study is set to be I 0°. The instrume11tal biases of four genetic GPS receiv·ers were determined by comparing their T ElC� with the one obtained by the TECMETER during 0400-0SOOLT for many days in 1994 (see Table 1 ). It is important to note that two different GPS receivers were used before/after July 27 , 1994, and therefore the instrumental bias in Yang-Ming-Shan has two values. Figure 2a shows the VT EC of December 17, 1993 obtained by applying the slant function shown by (7) on measurements from the TECMETER at Lunping. Figures 2b and  2c show the VTECs of the same day derived by applying (3) and (4), respectively, on measurements recorded at Fonglin. It is clear that the curves in Figure 2c are cleaner and smoother than those in Figure 2b which indicates that (4) yields a VTEC with greater pre cision. In fact, the quality of the VTEC derived by (4) can be more clearly revealed by examining the difference of TEC values presented in Figures 2a and 2c at 0500LT (which is about 10-20% of the TEC at 0500LT). If the calibration value (the instrumental bias) from the TECMETER is used, the error would be lower than 2% during the daytime hours.
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x 10 17 On 31 January 1994, the long-anticipated anti-spoofing (AS) was finally implemented and, instead of P-codes (P1 and P2), only CIA and P2 were accessible. Hofmann-Wellenhof et al. (1992) concluded that the precision of a pseudorange derived from code measurements has traditionally been about 1 o/o of the chip length. Therefore, a precision of roughly 3 m and 0.3 meter is achieved with a C/A and P-code pseudorange, respectively. Consequently, it is expected that when the AS is acti\1e, the precision of the VTEC becomes significantly low (see the difference between Figures 2b and 3a) . Fortunately, with the application of (4), the precision of the VTEC derived when the AS is on can be as clean and smooth as that derived during the AS off (see, Figures 2c and 3b, for comparison). and j'o112 yield the smallest values during the daytime of the summer solstice, reach the greatest values between 0800 and 1200UT in the spring equinox but otherwise, generally, show very similar tendencies through "·arious seasons.
Since the GPS satellites are evenly distributed in 6 orbital planes, it is possible to adopt all the data of a GPS network to construct the TEC map. The coverage of the map is a function of the GPS satellites' orbit, the cut-off elevation angle and the altitude of the subionospheric point. Figures 5a-c illustrate the ionospheric footprints of the GPS satellites observed from Yang-Ming-Shan at various subionospheric altitudes and cut-off elevation angles. Both the higher altitude and the smaller angle yield the larger coverage, and the coverage is not symmetric in the north-south direction. In this study, the elevation angle e � 10° and the height of the mean layer of the ionosphere hn1 =325 km. The coverage of each OPS receiver and the combining coverage of the four rec. eivers are respectively indicated by dashed lines and solid-line frames in Figure 1 .
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. . . 1800LT around 15°N on March 19, I 994, may ha\1e been caused post sunset enhancement. These figures are also compared with the results obtained by the Navy Navigation Satellite Syste1n (NNSS) at Lunping, and it is found that the t\\'O systems generally yield an excellent agreement (Lunping Observatory, private communication, 1995) . Additionally, interpolating the values of tl1e solid triangles from a sequence of TEC maps, the VTEC at the Chung-Li ionospheric station can be obtained (see the hea''Y solid curves in Figure 4 ).
DISCUSSION AND CONCLUSI ONS
Although the two pseudoranges can be solely applied to derive the TEC, during the AS on-period such a technique may yield results which significantly suffer from low precision with the CIA code. This paper provides a procedure to derive the ionospheric TEC from pse. udoranges and c. arrier phases of the two freque .
ncies recorded by genetic GPS receivers.
The similar tendencies in .f oF2 and the VTEC� indicate that the maximum electron density 17V. 1,1 . of the ionosphere do1ninates the value of the VT EC. A good agreement among the V1,ECY, measurements from the TECMETER and f oF2 confi1· ms that utilizing measure ments of pseudoranges and carrier phases recorded by genetic GPS dual-frequency receivers constantly ),ield high precision ir1 the TEC. Incorporating measurements of a network of 4 GPS receivers, TEC maps are constructed, which can be employed to monitor the longitudinal/latitudinal structures and dynamics of the ionosphere in the Taiwan area. Since satellites do not constantly appear in zenith, the best the longitudinal, latitudinal and local time effects to obtain the VT EC at wav � to remove a specific location is to interpolate from a TEC map. A similar technique can also be applied s time which is suitable for examining the evolution to obtain the latitudinal TEC variation v of the TEC caused by equatorial anomaly.
(c)
The curves of the V1lEC reveal that for diurnal
\1ar1at1ons, the and
m1n1 -mum gene-rally appear during 1200-1300LT (0400-0500U T) and during 0400-0SOOLT (2000-21 OOU T), respectively, whild as for the seasonal variations, the TEC in summer yields a small value. The TEC maps obtained in this article also show that TEC gradients in daytime are greater than those in nighttime. Moreover, in view of the TEC diurnal variations and the gradients in the TEC maps, in order to minimize the ionospheric effect, it is suggested that the GPS application of the single frequency rapid static surveying between post midnight and priori dawn. 
